Background
Introduction
The causes of chronic renal graft failure have been roughly classified into immunological and nonimmunological mechanisms [1, 2] , including dyslipidemia, which belongs to the latter type [3] .
Furthermore, it was reported that the mortality rate due to cardiovascular disease is higher among renal allograft recipients than among non-renal allograft recipients, and it is considered that cardiovascular disease also influences renal allograft function [4] . Moreover, the components of metabolic syndrome, such as obesity, diabetes, hypertension, and dyslipidemia, are also important risk factors for cardiovascular complications. In addition, various kinds of proinflammatory cytokines and adipocytokines, which are secreted by adipose tissue, affect the risk of cardiovascular disease [5] .
Adiponectin (ADPN) is mainly produced and subsequently secreted by the adipocytes in white and brown adipose tissue. It has anti-diabetes and anti-atherosclerotic effects and has an important influence on the conditions of patients with cardiovascular complications [6] . ADPN is found at high concentrations of 5-10 μg/ml in normal human blood and has a multimeric structure; i.e., it comes in high-molecular-weight (HMW-ADPN), middle-molecularweight (MMW-ADPN), and low-molecular-weight (LMW-ADPN) forms [7] . Regarding the various ADPN fractions, a previous study reported that its HMW dodecamer and 18-mer, but not its monomer or trimer, were closely associated with the prevention of coronary artery disease, weight loss, and improved insulin resistance [8, 9] .
On the other hand, the LMW-ADPN and MMW-ADPN fractions can pass through the blood-brain barrier and activate adenosine monophosphate (AMP)-activated protein kinase (AMPK) via adiponectin receptor 1 (AdipoR1) in the hypothalamus, which increases food intake and reduces energy consumption and fat accumulation in adipose tissue [10] . These findings indicate that LMW-and MMW-ADPN have opposite effects on weight to HMW-ADPN. In addition, an inverse correlation has been detected between the serum ADPN level and visceral fat area (VFA), but not subcutaneous fat area [11] . Furthermore, many studies of serum ADPN levels have revealed that high serum ADPN levels are associated with a reduced risk of diabetes [12] , whereas reduced serum ADPN levels are associated with increases in VFA, the risk of cardiovascular disease [13] , and atherosclerosis combined with dyslipidemia [14, 15] , in both sexes. However, few long-term studies have been conducted on the correlations between vascular calcification and immunosuppressive drug use, lipid marker levels, including the concentrations of each ADPN fraction, in renal allograft recipients.
As for the mechanism responsible for the anti-atherosclerotic effects of circulating ADPN, ADPN regulates the oxyradical activity of vascular endothelial cells and activates endothelial nitric oxide synthase synthesis through AMPK [8, 16] .
As for the mechanism by which ADPN binds to the vascular endothelium, AdipoR1 and R2 [17, 18] and T-cadherin [19] [20] [21] [22] have been reported to be involved, but this remains to be confirmed in transplanted human kidneys.
In the present study, we investigated the serum levels of lipid markers, including each ADPN fraction, and their relationship with vascular calcification to evaluate the usefulness of HMW-ADPN as a predictor of cardiovascular complications in renal allograft recipients.
Subjects and methods

I. Subjects
Our subjects comprised 51 patients (34 males and 17 females) who had undergone renal transplants at Kanazawa Medical University Hospital and exhibited serum creatinine levels of 3 mg/dL, and in whom the transplant had engrafted by the start of the study period in 2008 and engraftment persisted until 2016.
The following factors were investigated: the age at transplant; sex; donor type (living or deceased renal donor); the human leukocyte antigen (HLA) concordance rate; the time since the transplant; the estimated glomerular filtration rate (eGFR) at the start of the study period; body mass index (BMI); blood pressure; the serum levels of total cholesterol (T chol), highdensity lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), non-HDL-C (= T chol-HDL-C), and each ADPN fraction (the HMW-and non-HMW (= MMW + LMW)-ADPN fractions); immunosuppressive drug use; anti-diabetic drug (including insulin) use; statin use; and anti-hypertensive drug use.
We evaluated 1) the serum levels of lipid markers and each ADPN fraction, the renal function of the transplanted organs, and the aortic calcification area index (ACAI); 2) the correlations between serum levels of each ADPN fraction and vascular calcification; and 3) the correlations between the serum levels of each ADPN fraction or lipid markers and allograft function (eGFR) at the start and end of the study period.
Our study did not include any vulnerable populations, such as prisoners, subjects with reduced mental capacity due to illness or age, or children. In addition, we only used blood samples, radiological scans and renal biopsy specimens in this study. The study protocol was approved by the ethics committee of Kanazawa Medical University (Kanazawa Medical University Epidemiological Study Review No. 1127). All patients provided written informed consent, and the study was conducted according to the principles of the Declaration of Helsinki and Istanbul.
II. Measurement methods
Serum creatinine levels were analyzed using an enzymatic method, a Hitachi creatinine autoanalyzer (model 7170; Hitachi, Tokyo, Japan), and an enzyme solution (Preauto-SCrE-N; Daiichi Pure Chemicals Co., Tokyo, Japan). The serum levels of T chol, LDL-C, and HDL-C were measured by direct enzymatic assays using an automatic analyzer (Hitachi, Tokyo, Japan). The serum levels of the total, HMW-, MMW-, and LMW-ADPN fractions were measured using a sensitive enzyme-linked immunosorbent assay kit (SEKISUI MEDICAL Co., Tokyo, Japan). Renal function was evaluated based on the eGFR.
The eGFR (= 194 x SCr -1.094 x age -0.287 x 0.739 for females, ml/min/1.73m
2 ) was calculated based on the patients' serum creatinine (SCr) levels, as described previously [23] .
We evaluated the calcification of the abdominal aorta using the ACAI. The ACAI was calculated based on assessments of computed tomography scans of the abdominal aortic wall (slice thickness: 5 mm or 10 mm) in the region of interest. Specifically, it was calculated by assessing the percentage of the aortic wall occupied by calcification on each slice and then dividing the sum of the percentage values for all slices by the number of slices (S1 Fig) . These analyses were conducted using image analysis software (MITANI Co., Ltd., Fukui, Japan).
III. Immunohistopathological examinations
Fresh tissue specimens, which were embedded in OCT compound and frozen in acetone-dry ice mixture, were cut at a thickness of 3 μm on a cryostat. The frozen sections were fixed in 1:1 of acetone and methanol, and then blocked with 10% goat serum in 0.01 mol/L phosphatebuffered saline.
Staining of CD31, ADPN, AdipoR1, AdipoR2, and T-cadherin (cadherin-13) was performed by indirect immunofluorescence using the primary monoclonal or polyclonal antibodies listed in S1 Table. Anti-mouse, rabbit, or goat IgG polyclonal antibodies conjugated with fluorescein isothiocyanate (MP Biomedicals), Alexa Fluor 455, or Alexa Fluor 488 (Thermo Fisher Scientific) were used as secondary antibodies, and their signals were visualized using a BX51/DP71 fluorescence microscope/CCD camera (Olympus).
IV. Statistical analysis
All continuous variables are presented as median and interquartile range (IQR) values. The Mann-Whitney test was used for comparisons between the sexes and of the change in the ACAI. The changes of serum calcium (Ca), phosphate (p) and Ca x P product were evaluated by paired Student's t-analysis. The relationships between the serum levels of lipid markers and the serum levels of each ADPN fraction were evaluated using Spearman's correlation coefficient. The factors influencing the HMW-ADPN level, the relative HMW-ADPN (%) level compared with the non-HMW-ADPN level, and the ACAI were analyzed using multivariate regression analysis and the stepwise method. Stat Flex version 6 (Artech Co., Ltd., Osaka, Japan) was used as the statistical analysis software.
Results
I. Clinical background
Fifty-one renal allograft recipients (34 males and 17 females, 44 living donors and 7 deceased donors; Table 1 ) were enrolled in this study. Their median systolic and diastolic blood pressure values were 124 (111-130) and 80 (70-85) mmHg, respectively, and were relatively stable, with 48 (94%) subjects meeting the target blood pressure (systolic blood pressure of <140 mmHg). Regarding cholesterol, the serum LDL-C level was <120 mg/dL in 37 (73%) patients, while the serum HDL-C level was !40 mg/dL in 47 (92%) patients. The serum level of triglycerides was <150 mg/dL in 34 (67%) patients. Thirty-five subjects (69%) were being treated with pravastatin or atorvastatin. The females exhibited much higher serum phosphate levels than the males (p<0.05). No significant intersex difference was noted in the number of HLA mismatches or the eGFR.
The serum levels of LDL-C and non-HDL-C were higher in males (p<0.05 and p<0.01, respectively), while the serum levels of HDL-C and total, HMW-, and MMW-ADPN and the relative HMW-ADPN level were higher in females (p<0.01). Although no significant intersex difference in the serum LMW-ADPN level was detected, the relative LMW-ADPN level was higher in males. No significant intersex differences in the ACAI or drug use were observed.
II. Relationships between the eGFR and serum ADPN levels in renal graft recipients
The relationships between renal allograft function and the serum levels of each ADPN fraction are shown in S2 Fig 
III. Relationships between the serum HMW-ADPN level and the serum levels of each lipid marker
The associations between the serum HMW-ADPN level and the serum levels of lipid markers at the start of the study period are shown in S2 Table. The IV. The changes in renal function, the serum levels of lipid markers and ADPN, and the ACAI during the 8-year study period in renal allograft recipients
Renal allograft function, the serum levels of lipid markers and each ADPN fraction, and the ACAI at the start (2008) and end (2016) of the study period, and the median annual changes in each parameter are shown in Table 2 .
The eGFR, a measure of renal allograft function, had decreased at the end of the 8-year study period (p = 0.037). On the other hand, there were no significant changes in the serum levels of LDL-C, TG, non-HDL-C, HDL-C, HMW-ADPN, or non-HMW-ADPN. The relative HMW-ADPN level increased significantly from 39.4 to 45.1% during the 8-year study period (p = 0.0044). On the other hand, abdominal aorta calcification (the ACAI) increased significantly from 0.08 to 1.67 (p<0.001).
Furthermore, in the multivariate regression analysis the serum HDL-C level was identified as a factor that influenced the annual change in the serum HMW-ADPN level (beta value: 0.078, t value: 3.091, p = 0.004 in model 1, beta value: 0.067, t value: 2.815, p = 0.007 in model 2; Table 3 ). 
V. The factors that influenced the change in the ACAI in renal allograft recipients
The annual change in the ACAI was divided into 4 quartiles (Q1, <0.006, n = 13; Q2, 0.006-0.172, n = 12; Q3, 0.172-0.413, n = 13; Q4, >0.413, n = 13; Fig 1) . Furthermore, the annual change in the serum HMW-ADPN level, a history of cardiovascular disease, and age at renal transplant were identified as factors that had a significant influence on the annual change in the ACAI in the multivariate regression analysis (beta value: -0.102, t value: 2.671, p = 0.010 for HMW-ADPN; beta value: 0.380, t value: 2.749, p = 0.008 for a history of cardiovascular disease; beta value: 0.017, t value: 3.706, p<0.001 for age; Table 4 ).
VI. Renal expression of ADPN, AdipoR1, AdipoR2, and T-cadherin
In the renal allografts, ADPN was linearly detected along the CD31-positive endothelia of the middle-sized muscular arteries during immunohistochemical examinations ( S3 Fig). ADPN co-localized with AdipoR1 and partially co-localized with AdipoR2 on the arterial endothelia. On the other hand, cadherin-13 (T-cadherin) exhibited a linear expression pattern on the inner vascular walls of the arteries and the endothelial cells of the peritubular capillaries, and was recognized to co-localize with ADPN (Fig 2) . 
Discussion
We obtained three important results in this study. The first was that the serum HMW-ADPN level was positively correlated with the serum HDL-C level; i.e., an increase in the HDL-C level during the follow-up period was associated with a rise in the HMW-ADPN level, in renal allograft recipients. The second was that calcification of the abdominal aorta might be suppressed by an increase in the relative serum level of HMW-ADPN. The third was that ADPN mainly co-localized with T-cadherin and AdipoR1 on the endothelia of arteries in transplanted kidneys. Relationships between the serum ADPN level, especially the serum HMW-ADPN level, and renal function have been reported to exist in many types of chronic kidney disease (CKD) [24] . Similarly, we previously reported that a negative correlation exists between the eGFR and the serum HMW-ADPN level in a cross-sectional study of renal allograft recipients [25] . Furthermore, the so-called "adiponectin paradox", which states that higher serum ADPN levels are associated with lower eGFR, was reported in studies of chronic renal failure patients [26, 27] . The current study also detected negative correlations between renal function (eGFR) and the serum levels of both HMW-ADPN and non-HMW-ADPN, but not the relative serum levels of these substances. Otherwise, there were no other parameters that were significantly associated with either the serum HMW-ADPN level or the serum non-HMW-ADPN level, but the serum HMW-ADPN level increased during the follow-up period in renal allograft recipients. Thus, it was suggested that not only the serum ADPN level, but also the serum levels of each ADPN fraction, are affected by renal function.
Cardiovascular disease, which is the main cause of death in renal allograft recipients, is strongly associated with atherosclerotic lesions [28] . In addition, the risk of a cardiovascular event was reported to be 3.5-5% in renal allograft recipients, which is 50 times higher than that seen in the normal population [29] . Moreover, the incidence of atherosclerosis-related cardiovascular events, hypertension, and dyslipidemia were found to increase when the serum ADPN level fell [30] . Our previous study also revealed that an increase in the relative HMW-ADPN level and the use of statins reduced the risk of cardiovascular events after renal transplant, whereas an increased LDL-C level was found to be associated with a higher risk of cardiovascular events, even in renal allograft recipients [25] .
It was reported that the annual growth rate of atheromas in the carotid arteries plateaus around the G3 stage in CKD patients [31] . Furthermore, the risk of atherosclerosis-related cardiovascular disease increases after CKD progresses to stage G3-G4. After the progression of CKD to stage G4-5, non-atherosclerotic disease becomes the leading risk factor for cardiovascular disease [32] . In this study, the relative serum HMW-ADPN level was found to be positively correlated with the serum HDL-C level, but negatively correlated with the serum levels of LDL-C and non-HDL-C. In addition, the patients with advanced calcification of the abdominal aorta displayed lower absolute and relative serum HMW-ADPN levels. Our results suggest that treating dyslipidemia might ameliorate arterial calcification by increasing the serum HMW-ADPN level in renal allograft recipients because the patients' renal function improved from CKD stage G5D to stage G2-G3aT after the renal transplants. Otherwise, a recent report by Chen et al. found that repeated coronary artery calcification (CAC) imaging in 35 patients with end-stage renal disease showed that statin therapy was associated with greater progression of CAC. They also found that in vitro synthesis of menaquinone-4 by human vascular smooth muscle cells was significantly impaired by statins [33] . Hence, novel therapies to target lipids may be needed in patients with kidney disease in future. With respect to the molecular mechanisms underlying the effects of ADPN, they have been reported to involve the binding of ADPN with its receptors and T-cadherin [17] [18] [19] [20] [21] [22] . In particular, AdipoR1 and AdipoR2 have been shown to be the major ADPN receptors in vivo [17] . AdipoR1 is mainly distributed in skeletal muscles and promotes the uptake of glucose and the consumption of fatty acids through the activation of AMPK [18] . On the other hand, AdipoR2 is most abundantly expressed in the liver, and the insulin-sensitizing effects of ADPN were shown to be mediated via the activation of the peroxisome proliferator-activated receptor γ (PPARγ) [17] . Moreover, both AdipoR1 and AdipoR2 were found in blood vessels and macrophages [18] .
T-cadherin is capable of binding to ADPN, although T-cadherin itself is thought to have no effect on the cellular signaling or functions of ADPN because it lacks an intracellular domain https://doi.org/10.1371/journal.pone.0195066.g002 [30] . T-cadherin expression on vascular endothelia, smooth muscle cells, and cardiomyocytes might aid the binding of ADPN to AdipoR1/R2 in the heart [19] . In addition, circulating ADPN can bind to ADPN receptors after first binding to T-cadherin [20] . Furthermore, in atherosclerotic lesions ADPN accumulated in vascular endothelial cells and synthetic type smooth muscle cells, and protected vascular functions by binding to T-cadherin [21, 22] .
In this study, we examined the associations between ADPN expression and AdipoR1/R2 or T-cadherin expression in human renal allograft biopsy specimens. Linear ADPN expression was observed on the vascular endothelia of the renal specimens. Furthermore, AdipoR1 expression was predominantly found on the endothelia of medium-sized muscular arteries. ADPN and AdipoR1 co-localized linearly in parts of the arterial endothelia. On the other hand, AdipoR2 was predominantly detected on the smooth muscle cells of the medial arterial layer, and it co-localized with ADPN in small areas of the arterial endothelia. It was suggested that ADPN also binds to molecules other than its receptors on vascular endothelia because while continuous linear ADPN expression was detected on vascular endothelia the expression of AdipoR1 on arterial endothelia was often discontinuous. We observed the linear co-localization of ADPN and T-cadherin in both arterial and capillary endothelial cells. These findings suggest that T-cadherin might act as an adhesion molecule for ADPN in humans, as was found in a previous mouse study [21] .
Limitations
This study had the following limitations: 1) The small number of subjects meant that the study was at risk of bias due to its population (a Japanese population). 2) As the study was retrospective in nature, the use of drugs such as statins was not uniform. 3) Only a few transplanted kidneys were examined by immunohistochemistry. Therefore, it will be necessary to perform a long-term prospective clinical study in future.
Conclusion
The positive association between the levels of HMW-ADPN and HDL-C might inhibit the progression of vascular calcification by promoting ADPN binding to vascular endothelial cells via T-cadherin and AdipoR in Japanese renal allograft recipients. 
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